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Peculiar groups of X-ray emitting isolated neutron stars, which include magnetars, the “Magnificent Seven”, and central
compact objects in supernova remnants, escape detection in standard pulsar surveys. Yet, they constitute a key element
in understanding the neutron star evolution and phenomenology. Their use in population studies in the galactic scale has
been hindered by the scarcity of their detection. The all-sky survey of eROSITA on-board the forthcoming Spectrum-RG
mission has the unique potential to unveil the X-ray faint part of the population and constrain evolutionary models. To
create a forecast for the four-year all-sky survey, we perform Monte Carlo simulations of a population synthesis model,
where we follow the evolutionary tracks of thermally emitting neutron stars in the Milky Way and test their detectability.
In this work, we discuss strategies for pinpointing the most promising candidates for follow-up observing campaigns using
current and future facilities.
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1 Introduction
Since the discovery of the first radio pulsar nearly fifty years
ago (Hewish et al. 1968), the population of known neutron
stars in our Galaxy has grown to over 2500 (Manchester
et al. 2005, see the P – P˙ diagram of Figure 1). Classical
(rotation-powered) and millisecond (recycled) pulsars, as
well as a growing number of bursting radio sources, dubbed
rotating radio transients (RRATs, McLaughlin et al. 2006),
make up most of the population. Only a small fraction of the
observed sample consists of peculiar groups of X-ray emit-
ting isolated neutron stars (INSs), which escape detection
in standard radio and γ-ray pulsar surveys (for an overview,
see Harding 2013; Mereghetti 2011). These are the young
and energetic magnetars (e.g. Mereghetti et al. 2015, for a
review); the group of nearby, middle-aged, thermally emit-
ting sources known as the Magnificent Seven (M7, Turolla
2009); and the young and seemingly weakly magnetised
central compact objects in supernova remnants (CCOs, also
dubbed ‘anti-magnetars’; Gotthelf et al. 2013).
Despite their scarcity, the peculiar groups are key to un-
derstanding evolutionary aspects that are not predicted by
theory, nor probed by the normal pulsar population. In par-
ticular, scenarios involving magnetic field decay (e.g. Aguil-
era et al. 2008; Pons et al. 2009; Vigano` et al. 2013) and
field burial by fallback accretion after the supernova explo-
sion (e.g. Chevalier 1989; Geppert et al. 1999; Ho 2011)
are worth noting, as they are expected to signficantly alter
the star’s rotational and thermal evolution and, hence, vis-
ibility across the electromagnetic spectrum. Therefore, to
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Fig. 1 Pulsar spin period as a function of spin down (P –
P˙ ) diagram of the galactic population of neutron stars.
survey our Galaxy for X-ray emitting neutron stars in the
hope of discovering evolutionary missing links is likewise
important for a thorough understanding of their physics and
phenomenology.
The Extended Ro¨ntgen Survey with an Imaging Tele-
scope Array (eROSITA; Predehl et al. 2017) is the pri-
mary instrument on the new Russian Spectrum-RG mission,
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which is planned for launch in September 2017. In the first
four years of the mission, eROSITA will survey the X-ray
sky with unprecedented sensitivity, spectral and angular res-
olution, which is a timely opportunity for a better sampling
of neutron stars that are especially silent in the radio and
γ-ray regimes. The selection of newly proposed INS candi-
dates among the myriad of eROSITA-detected sources and
transient phenomena will be challenging: their identification
and characterisation will require synergy with multiwave-
length, large-scale, photometric and spectroscopic surveys
that are operational in the near future (Merloni et al. 2012).
Moreover, state-of-the-art observing facilities, in particular
8-m-class optical telescopes, the XMM-Newton and Chan-
dra Observatories, are crucial for dedicated follow-up cam-
paigns to be conducted already in the immediate aftermath
of the eROSITA survey.
To estimate the number of INSs to be detected in the
forthcoming eROSITA All-Sky Survey (eRASS) through
their thermal X-ray emission, we performed Monte Carlo
simulations of a population synthesis model, which is de-
scribed in Section 2. The results are presented in Section 3.
In Section 4 we outline strategies for selecting the most
promising candidates for follow-up observing campaings,
focusing on the time frame of the first years after the survey.
The summary and perspectives are presented in Section 5.
2 Population synthesis
Population synthesis of thermally emitting INSs (see e.g.
Popov & Prokhorov 2007, for a review) relies on the
parametrisation of unknown properties inherited at birth,
which are relevant to the cooling development and source
emissivity. Together with realistic descriptions of the galac-
tic gravitational potential, the interstellar medium (ISM)
distribution, and the detector and survey characteristics,
these ingredients determine the neutron star evolution and
detectability.
To create a forecast for eROSITA, we developed a
model in which neutron stars are created from a progeni-
tor population of massive stars distributed in the spiral arms
of the galactic disk; after the supernova explosion and the
imparted ‘kick’ velocity, their evolution in the galactic grav-
itational potential is followed while they cool down emitting
soft X-rays. The expected source count rates and total flux
are then computed in the eROSITA detectors, taking into
account the absorbing material in the line-of-sight and the
celestial exposure after four years of all-sky survey. For a
detailed description of the main ingredients of the model
and simulation procedure, see Pires (2009); Pires, Schwope
& Motch (in preparation).
2.1 Galactic model and neutron star birth properties
As a starting point, we adopt a galactic model similar to that
described in Faucher-Gigue`re & Kaspi (2006). We repro-
duce the spiral arm structure of the Milky Way by invoking
four parametrised logarithmic arms (Wainscoat et al. 1992).
For the gravitational potential, we consider the contributions
of the disk, bulge, and halo, and also take into account spiral
wave perturbations on the exponential disk (see Pires 2009,
for references). For the ISM, we adopt an analytical distri-
bution of the absorbing material based on layers of hydro-
gen in atomic and molecular form (de Boer 1991; Dickey &
Lockman 1990). The cross section in Morrison & McCam-
mon (1983) is assumed for the photoelectric absorption.
The neutron stars in our simulations are created one by
one as a function of galactocentric radius. For each source,
the azimuthal angle is determined so that the neutron star’s
original position, projected on the plane, intersects one of
the four spiral arms. A vertical distance relative to the plane
is assigned so that the ensemble of sources is exponentially
distributed above and below the disk, with a scale height
of 50 pc. The radial distribution of neutron star progenitors
follows the one suggested by Yusifov & Ku¨c¸u¨k (2004) and
is normalised for a birthrate of 2.1 century−1 (assumed to
be constant during the timescale relevant for cooling, i.e.
108 yr; Gill & Heyl 2007).
2.2 Neutron star evolution
After the supernova explosion, the newly born neutron star
receives a kick with no preferential direction and a three-
dimensional speed that is exponentially distributed with a
mean of 380 km s−1 (Faucher-Gigue`re & Kaspi 2006). The
star dynamically evolves in the galactic potential for a time
equivalent to its age. The hydrogen column density towards
the source is then quantified by integrating the amount of
intervening material in the line-of-sight.
The source count rate S in a given energy band 1−2 is
computed for each neutron star as a function of its present-
day distance d and temperature T∞ (assuming a cooling
curve; see below), the calculated column density NH to-
wards the source, the photon cross section σ, and the com-
bined effective area A of the eROSITA detectors:
S =
∫ 2
1
f

A exp
[
− σNH(r = d, l, b)
]
d (1)
where f = (R∞/d)2F∞ is the geometrically diluted
flux, R∞ is the redshifted emission radius, and F∞ is the
source’s blackbody flux at infinity, assumed isotropical.
For simplicity, we assume that all synthetic stars have
a (non-exotic) nucleon core, canonical mass and radius
(1.4 M and 12 km), and cool down slowly as the so-called
standard neutrino candle (Yakovlev et al. 2011, shown as a
solid black line in Figure 2). In fact, the star’s mass, mag-
netic field and its decay, the presence of an accreted enve-
lope, among others, play a crucial role at determining the
present-day luminosity of the neutron star. This is evidenced
by the data points in the cooling-age diagram of Figure 2
that show inconsistent temperatures with respect to those of
the standard scenario. These aspects of cooling, as well as
c© WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.an-journal.org
Astron. Nachr. / AN () 791
100 101 102 103 104 105 106 107
Age (years)
105
106
107
 
T∞
(K
)
RPP
CCO
magnetar
M7
standard
superfluid
accreted
accreted superfluid
fast cooling
Fig. 2 Cooling-age diagram for different INS groups
(data points; see legend. Details can be found in Pires et al.
2015). The standard neutrino candle is shown as a solid
black line; effects of proton superfluidity in the core and
of a light-element accreted envelope are shown in turquoise.
The enhanced-cooling scenario (associated with sufficiently
massive neutron stars) is illustrated by the dashed black line.
their impact on the number of INSs to be detected by the
eRASS, will be investigated elsewhere (Pires, Schwope, &
Motch, in preparation).
2.3 Survey properties
The eROSITA mirror system consists of seven identical
modules (for details, see Predehl 2014). The observatory
is planned to scan the X-ray sky eight times in four years;
in each scan, a source moves on a track on the detector
plane. Due to the vignetting of the point-spread function
away from the aimpoint, the combined effective area of the
seven detectors has to be averaged over the entire field-of-
view of the telescope (1.03◦ diameter), in order to compute
count rates during the survey phase.
The exact instrument response and energy passband will
be determined by the properties of the optical blocking fil-
ters and on the available telemetry. Five of the seven de-
tectors have a 200 nm aluminium on-chip filter which, de-
pending on the environmental conditions, might be operated
with or without an additional external 200 nm polyimide fil-
ter (K. Dennerl, P. Predehl, private communication1). The
two remaining eROSITA detectors have no on-chip filter,
thus requiring a 200 nm polyimide filter, coated with 100 nm
aluminium, to be placed at the filter wheel to block the con-
taminating light at any circumstances.
Accordingly, we considered in the simulations two pos-
sible configurations of optical blocking filters: the ‘open’
option, where no additional filter is employed for the five
detectors with on-chip filter, and the most conservative
1 The eROSITA calibration files are available at
https://wiki.mpe.mpg.de/eRosita/erocalib calibration.
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Fig. 3 Total effective area of eROSITA (seven mirror
modules) averaged over the field-of-view for two possible
filter configurations, in comparison with those of other X-
ray missions (see legend and text).
‘on-wheel’ option, where all detectors have external filters
placed on the wheel. The resulting total effective area of
the seven telescopes, averaged over the field-of-view, can
be seen in Figure 3. For comparison, we also show in Fig-
ure 3 the effective areas of the XMM-Newton EPIC-pn and
ROSAT PSPC detectors.
Assuming an observing efficiency of 100%, an average
exposure of tflat = 2.5 ks will be reached after four years
(Merloni et al. 2012). This number is independent of the ex-
act scanning law and can be considered as a flat all-sky ex-
posure. In reality, the celestial exposure will be determined
by the survey strategy. As the scanning axis of the satellite
will be oriented approximately towards the Sun, the expo-
sure depths will be unevenly distributed, where the lowest
(highest) exposures will be close to the ecliptic plane (at the
poles). We thus adopted in the simulations an exposure map
that mimicks this behaviour (Figure 4). The exact scanning
law, which is to-date being discussed within the eROSITA
consortium, will further introduce a longitudinal pattern due
to the non-uniform movement of the spacecraft within the
ecliptic; this will consequently redistribute the exposure at
higher latitudes and around the poles (J. Robrade, private
communication).
3 Thermal INSs in the eRASS
Independent runs of Monte Carlo simulations of the popu-
lation synthesis model are performed for each filter config-
uration. In each run, the integral in equation (1) is solved for
the synthetic neutron stars in five pre-defined energy bands,
which are adopted for convenience as those of the XMM-
Newton source catalogue2. Total detected counts are then
2 That is, 0.2 – 0.5 keV, 0.5 – 1 keV, 1 – 2 keV, 2 – 4.5 keV, and 4.5 –
12 keV; in practice, count rates from thermal INSs are insignificant above
2 keV. The low end of the energy band will be determined by telemetry
constraints (P. Predehl, private communication).
www.an-journal.org c© WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
792 Pires, Schwope, & Motch: Follow-up of isolated neutron stars from eROSITA
Fig. 4 Exposure map of the eRASS adopted in the popula-
tion synthesis, in galactic coordinates. The colour-coded bar
shows the exposure in seconds, which accumulates around
the ecliptic poles (credit: J. Robrade).
computed taking into account the accumulated exposure to-
wards each star (Figure 4); the sources with more than 30
detected counts (0.2 − 2 keV) are collected for each simu-
lation and consist of our working ‘observed’ sample. Tech-
nically, the adopted count limit ensures a low probability
of the observed flux being caused by a random background
fluctuation (p ∼ 4.5 × 10−5; G. Lamer, private communi-
cation).
Over 50 Monte Carlo realisations of each filter config-
uration, we obtain on average 85 ± 3 (on-wheel) to 95 ± 3
(open) thermally emitting INSs to be detected by the eRASS
after four years (errors are 2σ confidence levels). The 11%
reduction on sample size of the more conservative filter op-
tion is due to the loss of effective area at low energies (up to
1.5 keV; Figure 3). Similarly, significant losses in the num-
ber of observed sources are to be expected if the low end of
the energy band is considerably constrained above 0.2 keV
for telemetry reasons (of 3%, 11%, and 28% for 0.3 keV,
0.4 keV, and 0.5 keV, respectively; in every case, the same
lower limit of 30 deteted counts was considered).
In Table 1 we list the average or median properties3 of
the observed INS samples, for each filter configuration. On
average, the more conservative filter option detects slightly
brighter, hotter, slower, and closer-by neutron stars. The dif-
ferences are however only significant within the statistical
errors of the Monte Carlo simulations and will not reflect
real measurement precisions.
Consistently between the two filter options, distances
are within 400 pc and 8 kpc; around 60% of the sources
are within 5 degrees of the galactic disk, whereas 20% of
the sources undergo column densities higher than NH =
1022 cm−2. The accumulated survey exposure towards the
3 We list the number of detected sources N , limiting count rate Smin,
observed flux fX, percentage of neutron stars brighter than f13, blackbody
temperature kT , distance d, column density NH, age, three-dimensional
velocity v, and average exposure texp (see text for details).
Table 1 Average/median properties of the observed INS
sample
open on-wheel
N 95± 3 85± 3
Smin 8.2(4)× 10−3 8.9(4)× 10−3 s−1
fminX 0.93(7)× 10−14 1.27(7)× 10−14 [cgs]
fmedX 4.349(26)× 10−14 5.30(6)× 10−14 [cgs]
≥ f13 26 31 %
kTmin 43.1± 1.5 45.0± 1.6 eV
kTmax 190± 10 180± 7 eV
kTmed 91.84(14) 92.66(20) eV
dmin 360± 40 390± 40 pc
dmed 1.789(6) 1.707(6) kpc
NmedH 4.608(24)× 1021 4.60(3)× 1021 cm−2
age 1.99(6)× 105 1.89(8)× 105 years
vmed 413.9± 2.5 406.3± 2.9 km s−1
texp 2.23± 0.04 2.22± 0.03 ks
sources ranges from 1.6 ks to 8 ks, with a median around
1.9 ks; 23% of the sources receive a higher exposure than
tflat (Sect. 2.3). Finally, the observed flux of the faintest
neutron stars is around 10−14 erg s−1 cm−2 and the me-
dian is five times this value; 28% of the sources are found
to be brighter than f13 = 10−13 erg s−1 cm−2. Consider-
ing the flux limit of the ROSAT Bright Source Catalogue
(5 × 10−13 erg s−1 cm−2; Voges et al. 1999), the all-sky
survey of eROSITA will be approximately 50 times more
sensitive to neutron stars than that of its predecessor. In Fig-
ure 5 we show the resulting number of detected sources per
square degree on the sky as a function of eROSITA count
rates (logN – logS curves).
4 Strategies for follow-up
The selection of INS candidates from the eRASS will
primarily rely on cuts in X-ray colour space and cross-
correlations with catalogues at other wavelengths. The main
selection criteria, which exclude approximately 95% of the
X-ray sources in a flux-limited sample (see e.g. Pires et al.
2009, for details), require a soft energy distribution (for in-
stance, in consistency with the positions of absorbed black-
body templates in hardness ratio diagrams) and the ab-
sence of catalogued optical and infrared counterparts, usu-
ally down to visual magnitudes 21 to 23.
The identification of thermally emitting INSs at faint
fluxes is challenged further by the ISM extinction and
source confusion in the crowded sky regions of the galac-
tic plane. Based on positional coincidence, cross-correlation
procedures tend to assign unrelated optical or near-infrared
sources as the counterpart of a given X-ray source, thus er-
roneously excluding it as a potential INS candidate (see e.g.
Rutledge et al. 2003). In this context, the use of statistical
multiwavelength cross-identification methods is key to op-
timise source characterisation and minimise the number of
false positives (see e.g. Pineau et al. 2016).
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Fig. 5 All-sky logN –logS curves (0.2-2 keV). Red and
black solid curves are the average of 50 curves for the open
and on-wheel filter configurations, respectively (grey lines
are the individual results of the simulations).
Visual screening and dedicated follow-up observations
are then necessary to filter out remaining spurious detec-
tions (for instance, due to out-of-time events), as well as
other classes of soft X-ray emitters that happened to satisfy
our selection criteria, such as faint polar-type cataclysmic
variable systems (CVs) and active galactic nuclei (AGN).
In this respect, the intrinsic INS faintness in the visible
waveband, with typical X-ray-to-optical flux ratios in ex-
cess of 104, comes in handy: at the flux level probed by
the eRASS, the optical counterparts of newly proposed can-
didates will be virtually impossible to detect with current
facilities (mV > 27). On the other hand, CVs and AGN
have much less extreme flux ratios (of less than 300; e.g.
Schwope et al. 1999) and are hence easily revealed with 4 m
and 8 m-class telescopes. Therefore, the absence of counter-
parts in the X-ray error circle will be a strong evidence that
the investigated source is indeed a neutron star.
Using our simulations, we can derive the optical limit
required for ruling out other classes of X-ray emitters for
each eROSITA INS. Assuming a conservative X-ray-to-
optical flux ratio of at least 103.5 and taking into account
the absorption by the ISM, the median V magnitude is
mV = 27.44(6), with no significant differences between
the two filter options (Figure 6). Therefore, excluding the
bright end of the population which was already probed by
ROSAT, around 27% of the eROSITA INSs are still suf-
ficiently bright in X-rays to be identified and investigated
in the years following the eROSITA survey. Interestingly,
these sources will be at a similar flux level (on average,
Fig. 6 Histogram of the optical V magnitudes required for
ruling out AGN and CVs among INS candidates. A mini-
mum X-ray-to-optical flux ratio of FX/FV > 103.5 is as-
sumed for the eROSITA-detected sample of neutron stars.
fX = 1.26(29)× 10−13 erg s−1 cm−2) than that of the only
thermally emitting INS identified to-date in non-ROSAT
data, 2XMM J104608.7-594306 (Pires et al. 2015, 2012).
In this regard, the fact that the XMM-Newton and Chandra
observatories show good prospects for the next decade of
operation is timely news for neutron star physics as well.
Of central importance for a comprehensive understand-
ing of the INS population is the investigation of the evo-
lutionary state of eROSITA-discovered sources. In partic-
ular, the role played by the decay of the magnetic field
in the cooling evolution and source visibility cannot be
overlooked, as it partially explains the observed neutron
star diversity. However, even the state-of-the-art models are
built over particularly uncertain assumptions (Vigano` et al.
2012); moreover, the observed population, including radio
and X-ray pulsars, is not sufficient to constrain alternative
models of field decay (Gullo´n et al. 2015). Likewise, while
the phenomenology of CCOs has triggered a lively debate
over their formation and fate, no attempt to our knowl-
edge has been made in population synthesis to include anti-
magnetars as a possible outcome of neutron star evolution.
As long as only the X-ray bright end of the radio-quiet INS
population is known, the observational and theoretical ad-
vances seen in recent years may be brought to a halt.
The knowledge of the INS spin period and magnetic
field is the first step to classify new sources amidst the
several families, and populate the P − P˙ diagram of Fig-
www.an-journal.org c© WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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ure 1 with eROSITA-detected INSs. At the intermediate
flux level of 10−13 erg s−1 cm−2 and moderate ISM absorp-
tion (NH . 5 × 1021 cm−2), around 100 ks exposure with
XMM-Newton per target will constrain pulsations down to
10% to 15%. Spectral absorption lines, which can then be
related to the star’s magnetic field on the surface, can also be
detected at energies above 0.5 keV. While snapshot observa-
tions with Chandra will be desirable for locating the X-ray
source with sub-arcsecond precision, which is important for
sources at low galactic latitudes, longer exposures will al-
low searching for diffuse emission around the neutron star
(for instance, due to a bow-shock or a pulsar-wind nebula).
Finally, searches for radio and γ-ray counterparts (for
example, around candidate periodicities from X-rays) are
essential to unambiguously classify the source among the
neutron star families. Pulsar surveys based on e.g. Fermi-
LAT data and the Square Kilometre Array (SKA) precur-
sor MeerKAT, which will become operational in June 2017,
will be used. In the long term, the next generation of mul-
tiwavelength observing facilities, the European Extremely
Large Telescope, the Large Synoptic Survey Telescope,
Athena, and SKA, will allow even the faintest eROSITA
neutron stars to be identified and studied in detail.
5 Summary and conclusions
We developed a model for the population of neutron stars
in our Galaxy to test their detectability by the next X-ray
survey mission eROSITA. We take into account the absorp-
tion of X-ray photons by the interstellar medium, the survey
properties, and the celestial exposure. Our study shows that
the eROSITA survey will be sensitive to neutron stars as
faint as fX ∼ 10−14 erg s−1 cm−2 (0.2 – 2 keV), and is ex-
pected to detect a number of 85 to 95 sources in the sky – a
significant increase with respect to ROSAT.
Based on X-ray-to-optical flux ratios, optical follow-
up will require deep observations to rule out X-ray emit-
ters other than INSs. In particular, the identification of the
faintest neutron star candidates will have to wait for the
next generation of extremely large telescopes. Nonetheless,
sources at intermediate fluxes (fX ∼ 10−13 erg s−1 cm−2)
can be selected for follow-up investigations using current
facilities, in particular 8 m-class optical telescopes, and the
XMM-Newton and Chandra Observatories. Based on that,
we anticipate a number of up to 25 discoveries already in
the first years following the survey.
Beyond the discovery of new sources and long-sought
evolutionary missing links, the eROSITA survey has the
unique potential to unveil the faint X-ray end of the neutron
star population. A better sampling of the sources that are
silent in the radio and γ-ray regimes is essential to probe
the population as a whole, constrain the galactic rate of su-
pernova type-II explosions, test alternative evolutionary sce-
narios involving field decay and fallback accretion, and help
us to have a comprehensive view of the neutron star phe-
nomenology.
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